We previously showed that adsorption of bacteriophages T4 and T5 to their respective outer membrane receptors induced a partial depolarization of the cytoplasmic membrane. As these membrane potential changes were independent of phage properties, we proposed that phage adsorption triggered the emission of a signal which must be transmitted between the two membranes. We show here that these two phages use different mechanisms of transmission of this stimulation signal. In the case of T4, but not of T5, a specific requirement for envelope-bound calcium was found.
The first steps of coliphage infection involve the interaction of different phage components with successive levels of the host envelope (21) . Studies of this process, have allowed us to understand many functional and structural properties of the bacterial envelope. Thus, studies of phage adsorption have helped to characterize, in great detail, some structural and functional properties of the lipopolysaccharide (LPS) and proteins present on the Escherichia coli outer membrane (21) . It has been shown previously by Hantke and Braun (9) and recently by Bayer and Bayer (2) that the adsorption of different phages to intact E. coli cells leads immediately to membrane modifications which could be characterized with fluorescent probes. By using EDTA-treated cells to monitor the membrane potential with cyanine dyes (19) , we have shown (16) that the adsorption of phages T4 and T5 to their outer membrane receptors induces an immediate depolarization of the host cytoplasmic membrane. The membrane potential (Ap) changes were shown to be independent of the presence of the phage DNA and internal proteins and of DNA injection and expression, as they occur with T4 ghosts as well. Moreover, T4 and T5, which differ in their stages of adsorption (21) , DNA ejection (8) , and DNA injection processes (6, 14) , trigger the same At changes. Thus, we have proposed that phage adsorption to the outer membrane induces, independently of the infection process, the emission of a signal which, after transmission to the cytoplasmic membrane, calls for its depolarization (16) .
In the present study, we characterized some of the features of the different steps involved in this stimulation of the E. coli envelope. Since calcium ions were shown to be * Corresponding author.
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involved in several stimulation processes in eucaryotic cells (5, 10, 23) , we looked for calcium dependency of the phageinduced Ap changes. We show that the transmission of the signal induced by adsorption of T4, but not of T5, is calcium dependent.
MATERIALS AND METHODS Strains. E. coli B and F, hosts which adsorb T4 and T5 rapidly, were used. Phage stocks were prepared and purified as described previously (13, 15) .
Chemicals. Cyanine dye (3,3'-dimethylindodicarbocyanine iodide) (19) (final concentration, 0.5 ,uM; 760 Ci/mol) in the presence of valinomycin (final concentration, 5 ,uM) as described previously (7) .
Calcium measurement by atomic absorption spectrophotometry. Portions of cells either treated or untreated with EDTA were washed twice in sodium phosphate buffer as described above and suspended in 1 ml of 1 M HCI to a final concentration of 5 x 10'°cells per ml. The intracellular calcium was measured at 423 nm with a Perkin Elmer 300 atomic absorption spectrophotometer. Three independent measurements were performed for each sample. The intracellular concentration was calculated from a calibration curve.
RESULTS
It is known that calcium ions are only present in the E. coli envelope, since there is an active transport system permanently extruding calcium from the cytoplasm (24) . A prerequisite in the measurement of membrane potential (As,) is that the cells are pretreated with EDTA to permeabilize the envelope to the probes. This treatment is known to remove about half of the LPS by complexing divalent cations which are involved in LPS-LPS and LPS-protein interactions (18) . We found by atomic absorption spectrophotometry that E.
coli B contains about 16 nmol of Ca2+ per mg (dry weight) and that the EDTA treatment removed half of it. Thus, the transient depolarization induced by phage adsorption may occur even if half of the envelope calcium is removed.
Initially, the experiments showing the T4-and T5-induced
Ap changes were performed with a buffer containing 1 mM
Ca2' and 1 mM Mg2+ (16) . These ions were removed from the incubation medium, and the Ap changes were followed by incubation with the fluorescent cyanine dye as described above. Removal of these ions had no significant effect on the transient depolarization induced by T4 (Fig. la) , whereas that of T5 was slightly increased (Fig. ic) . Thus, the presence of calcium in the external medium is not necessary to trigger the depolarization.
We characterized the possible involvement of calcium in the stimulation process with ethylene glycol-bis(3-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA) which specifically complexes calcium with a high-affinity constant (10107) (11) Figure lb shows that the addition of 1 mM EGTA before phage T4 adsorption completely prevents the T4-induced Ap1 changes. It has been shown that the T4 short tail fiber component necessary for irreversible adsorption is a zinc metalloprotein (26) . However, we found that phage T4 was able to adsorb and even to give a normal and complete infectious cycle in a medium containing 10 mM EGTA. This shows that zinc is not accessible to EGTA and is not involved in the transient depolarization.
Contrary to the results observed after the addition of EGTA to phage T4, addition of 1 mM EGTA, which had no influence on the first steps of T5 infection (see also reference 17), did not prevent the depolarization induced by T5 and even slightly increased it (Fig. ld) In these experiments, we used E. coli F and E. coli B as hosts for T5 and T4, respectively. We eliminated the possibility that the different calcium requirement of T4 and T5 was due to the specificity of the host by infecting E. coli B with T5 and E. coli F with T4. Under these conditions, the T4-induced depolarization was prevented by the addition of 0.4 mM EGTA to E. coli F, whereas the T5-induced depolarization normally occurred even when 1 mM EGTA was added to E. coli B.
Effect of EGTA on T4-induced Ap changes. Figure 2 shows that the depolarization triggered by T4 Cells were treated with 1 mM EGTA instead of lmM EDTA (to permeabilize the envelope to the dye) as described above, and (ii) EDTA-treated cells were further treated with 1 mM EGTA and washed twice before adding the phage. In both cases we observed a normal depolarization. Figure 3 shows that addition of increasing concentrations of EGTA before phage addition progressively decreased the T4-induced i\ changes. These changes were completely abolished at concentrations of 300 F.M EGTA. The same dose dependency was observed between multiplicities of infection (MOI) of 6 and 30. Figure 3 also shows that the addition of increasing concentrations of calcium after the addition of EGTA reversed the inhibitory effect of the chelator. The recovery was complete for 300 p,M Ca2+ between MOIs of 6 and 30. Moreover, for this concentration of calcium, the amplitude of depolarization was identical to that obtained if EGTA and Ca2+ were not added before the phage. The reversion by calcium occurred even if calcium was added several minutes after phage adsorption, which confirms that this stimulation is independent of the infection process. Figure 4 shows the effect of successive additions of the chelator and calcium. EGTA was first added after phage T4, at the maximum of the depolarization, which induced a complete repolarization. Unexpectedly, addition of calcium at the end of the repolarization triggered a new depolarization. These Ay changes might be obtained at least twice by sequential addition of EGTA and calcium (Fig. 4) . However, after the second addition of calcium and EGTA, the amplitudes of depolarization and repolarization were reduced. This decrease may be the consequence of the known important changes appearing in the cell envelope as a result of T4 infection.
Addition of Mg2l (up to 5 mM) in place of Ca2' did not reverse the inhibitory effect of EGTA on T4-induced At changes. This implies that Mg2+ itself cannot replace Ca2+ to induce the depolarization. However, addition of Mg2l could induce a normal depolarization if EDTA, instead of EGTA, was added to prevent the T4-induced depolarization. Indeed, as EDTA has close affinity constants for Ca2+ and Mg2+ (108.9 for Mg2+ and 1010.7 for Ca2+) (11) , Mg2+ competes with the chelated calcium. This freed calcium will again be able to induce the depolarization.
Effect of added calcium on the A, changes induced by phage T5. Figure .5 shows that a precocious and partial repolarization is observed if Ca2+ was added during the depolarization. Under these conditions, the final level of repolarization corresponds to the one obtained if calcium was added before the phage. On the other hand, addition of EGTA during the repolarization triggered a new partial depolarization (data not shown). DISCUSSION We have shown previously (16) that the irreversible adsorption of phages T4 and T5, which differ in receptor specificity and manner of injection (6, 14) , triggers the same transient depolarization of the host cytoplasmic membrane. This result suggests that adsorption of the phage to its outer membrane receptor induces the emission of a signal that is transmitted to the inner membrane. We show in this paper that, in the case of T4, envelope-bound calcium plays a major role in this process, whereas in the case of T5, calcium does not seem to be required to induce the transient depolarization. These results suggest that T4 and T5 use different transmission mechanisms to induce the same electrical events at the level of the cytoplasmic membrane.
The involvement of the envelope-bound calcium in the transmission mechanism of the stimulation signal induced by T4 was deduced from the results obtained with EGTA, a specific calcium chelator. In a calcium-free medium, EGTA was shown to prevent the T4-induced &1, changes only if it was present during the adsorption process. This result implies that this calcium becomes accessible to the chelator only as a consequence of phage adsorption. Moreover, this calcium remains accessible to the chelator at any moment during depolarization and repolarization. Indeed, addition of EGTA after the phage induced a precocious repolarization and accelerated the repolarization if added at its onset.
We have shown previously (16) To reconcile the opposite results obtained with T4 and T5 regarding the role of calcium, we propose the following working model. We previously suggested that the stimulation signal would be a conformational change transmitted from the outer membrane phage receptor to an inner membrane protein either directly or indirectly (16) . In the case of T5, the receptor is the TonA protein (3). This large (molecular weight, 78,000) transmembrane protein could easily interact directly with the inner membrane component at the level of the adhesion zones (1) . On the contrary, T4 adsorbs to the LPS (8) , with lipid A involved in the irreversible adsorption (25) . Thus, in this case a direct transmission between the lipid A present on the external face of the outer membrane and the inner membrane appears very unlikely. It has been shown that lipid A has strong affinity sites for calcium (4, 20, 22) 
